This study examined the crystallization behavior of electroless Ni-P UBM with an medium phosphorous content ($15 at%) induced by a single and step heat treatment using in-situ transmission electron microscopy (TEM). Different heat treatment processes affected the crystallization behavior of electroless Ni-P UBM. After single heat treatment at 300 C for 60 min, the electroless Ni-P UBM contained Ni and Ni 3 P. In addition to Ni and Ni 3 P, more complex Ni-P compounds, such as Ni 12 P 5 and Ni 5 P 2 formed in the electroless Ni-P UBM resulting from a step heat treatment at 150 C for 60 min followed by 300 C for 60 min.
Introduction
In flip chip interconnections using a solder bump, under bump metallization (UBM) is desirable because the solder cannot be bonded directly to the Al or Cu pads. Therefore, electroless Ni-P (EN-P) UBM has attracted considerable attention for flip chip bumping technology on account of its simple process, low cost, good solder wettability, bump uniformity and superior diffusion barrier performance. [1] [2] [3] [4] [5] EN-P films can be classified into three categories with respect to the microstructural differences as a function of the phosphorus content; phosphorus supersaturated structure with a low phosphorous content (<7 at%), compounded nanocrystalline Ni and amorphous structure with a medium phosphorous content (8$19 at%) , and fully amorphous structure with a high phosphorous content (>20 at%). [6] [7] [8] [9] the thermo-mechanical and/or physical properties of EN-P UBM depend on the microstructural characteristics, which are governed and determined by the crystallization behavior during post heat treatment, such as the reflow and aging process. It was reported that the formation of crystalline Ni-P phases is quite sensitive to the heat treatment, and their mechanical properties can be reversed when exposed to an overheating temperature and improper dwelling time. 10, 11) Therefore, it is important to understand the crystallization behavior of EN-P UBM as a function of the heat treatment and profile. Many studies characterized the crystallization behavior of EN-P films with different phosphorous contents under a single heat treatment. [12] [13] [14] [15] [16] [17] [18] However, few studies are available. Moreover, the effects of the post heat profile, e.g. a single and step heat treatment, on the crystallization behavior of EN-P films with respect to the phosphorous content are not completely understood. Therefore, a systematic well characterized physical study is essential for understanding the crystallization behavior of EN-P UBM.
This study examined the crystallization behavior of the amorphous EN-P UBM with a medium phosphorous content (15 at%) as a function of the heat profile consisting of a single (300 C/60 min) and step (150 C/60 min followed by 300 C/ 60 min) heat treatment. One of the aims was to characterize the crystallization behavior of EN-P with a medium phosphorous content using in-situ transmission electron microscopy (TEM), which can provide a better understanding of the microstructural behavior and the mechanism evolved.
Experimental Procedure
Copper foil was used as the substrate in EN-P plating. A commercially available EN-P plating solution (ICP Nicoron GIB series, Okuno Chemical Industries Co., Ltd., Japan) was used for EN-P plating. The EN-P plated layer with a $15 at% phosphorous content was processed at 90 C for 30 min. After plating, the sample was heat treated in a tube furnace with an argon atmosphere. Figure 1 shows the temperature profile of a single (300 C/60 min) and step (150 C/60 min followed by 300 C/60 min) heat treatment. The microstructure of EN-P UBM as-plated and after heat treatment was analyzed by Xray diffraction (XRD, Rigaku, Japan) and TEM. The XRD patterns of the sample after the heating processes were recorded at room temperatures. The TEM samples were prepared using an ultramicrotome (RMC MT 7000) and characterized by high resolution (HR)-TEM (JEM-2100F, Jeol Co. Ltd.) equipped with a scanning transmission electron microscope (STEM) and energy dispersive x-ray spectrometer (EDS). A JEOL 3011 TEM equipped with a hot stage was used for the in-situ TEM studies. Figure 2 shows XRD patterns of the as-plated EN-P and post heat treated films. As shown in Fig. 2(a) , the XRD patterns of the as-plated sample before heat treatment revealed a single broad peak at 45 2, which indicates an amorphous structure. Several sharp peaks were observed on the XRD patterns when EN-P UBM was exposed to a single heat treatment at 300 C/60 min [see . Two crystalline peaks, Ni and Ni 3 P, were noted on the XRD patterns, showing that both Ni and Ni 3 P form in EN-P UBM during a single heat treatment. Figure 2 (c) presents the XRD patterns of a step heat treated EN-P film, 150 C/60 min followed by 300 C/60 min. Ni and Ni 3 P peaks were observed on the XRD pattern, which is similar to that of the single step heat treated EN-P UBM. In addition, the XRD pattern of the step treated EN-P UBM showed a new sharp peak at $47:38 2 corresponding to the (240) Ni 12 P 5 (46.96
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2) or (600) Ni 5 P 2 (47.64
2) peak. Various Ni-P compounds can be formed in EN-P UBM with a medium phosphorous, particularly those treated at intermediate temperatures (150 C) using a step heat profile. It should be noted that a single heat profile at 300 C/60 min provides Ni and Ni 3 P as the main precipitates.
Amorphous EN-P is thermo-dynamically unstable and transforms to more stable structures during heat treatment. Many studies of the crystallization behavior of EN-P films reported that crystallized Ni-P phases are sensitive to the phosphorus content in the EN-P film. 9, [12] [13] [14] [15] [16] In the case of a low (<7$9 at%) and medium (9$18 at%) phosphorous content, the Ni-P compound precipitate is dominated by Ni 3 P. 6, 16, 18) However, at high phosphorous contents (>20 at%), Ni 3 P and Ni x P y compounds, such as Ni 2 P, Ni 5 P 2 and Ni 12 P 5 , form after heat treatment. 12, 13, 16) And the transformation from the amorphous Ni-P to the crystalline equilibrium two-phase mixture of Ni and Ni 3 P occurred through the crystallization of the intermediate meta-stable mixture of Ni x P y and Ni in accordance with the Ostwald rule. 19 ) Surprisingly, the medium phosphorous (15 at%) in the EN-P UBM processed by a step heat treatment yielded similar results to those observed with a high phosphorous content (>20 at%) reported in literatures. Therefore, the given heat profile for EN-P UBM plays an important role in the crystallization behavior.
In-situ TEM analysis during step heat treatment
In-situ TEM was employed to determine the reason for the unexpected crystallization behavior of the EN-P with the medium phosphorous (15 at%) induced by a step heat treatment. Figure 3 shows the in-situ TEM image sequence during heat treatment at an intermediate temperature (150 C). As shown in the selected area diffraction (SAD) pattern in Fig. 3(a) , the as-plated EN-P UBM exhibited diffused halo rings, which suggests an amorphous structure. However, the dark spots become more apparent, and they grow in size with increasing heat treatment duration (see Fig. 3(b)$(d) ). Given that the dark spots indicate nanocrystalline Ni. Figure 4 shows the results of ex-situ TEM analyses on the EN-P UBM exposed to 150 C for 60 min. As shown in the diffraction pattern in Fig. 4(a) , the d-spacing measured from the Debye rings apparently represents crystalline Ni. This shows that crystallized Ni exists in the amorphous EN-P UBM even after heat treatment at 150 C. Furthermore, Table 1 shows the results of STEM/EDS analyses on the EN-P heat treated at 150 C in a step profile. The changes in Ni and P are obvious, which is well matched with the in-situ TEM results. The dark area contained $92 at% Ni and $8 at% P (position 1$4 in Fig. 4(b) ), suggesting that it is Ni rich. However, the phosphorous content increased up to 23 at% in positions 5$8 shown in Fig. 4(b) , this suggests that P was segregated at the region between the Ni rich regions, and the P concentration can increase to more than 15 at% after heat treatment at intermediate temperatures (150 C). It was assumed that the change in Ni and P composition governed by a step heat treatment can result in a more complicated crystallization behavior of the EN-P UBM with a medium phosphorous content ($15 at%). These results are discussed in the later parts. Figure 5 shows in-situ TEM images during a step heat treatment at 150 C/60 min followed by 300 C/60 min. As shown in Fig. 5(a) , several dark spots (1$1:5 nm) were observed on the as-plated EN-P UBM. Since the EN-P film contains $15 at% phosphorous, it is reasonable that the EN-P consists of nanocrystalline Ni and amorphous EN-P, which is consistent with previous studies. 13, 16, 17) In an earlier stage of heat treatment at 150 C, the dark spots (Ni) became clearer in shape and increased in size with increasing dwelling time (see Fig. 5(b) and (c) ). These results are similar to the in-situ TEM analyses shown in Fig. 3 . The crystallization of Ni-P compounds was observed as the temperature reached 300 C. In turn, Ni-P crystallization occurs rapidly after $100 seconds. As shown in Fig. 5(f) , the diffraction pattern of the EN-P UBM consisted of a Debye ring superimposed with diffraction spots, which supports the crystallized Ni-P compounds formed in the EN-P UBM. Nano-beam-electrondiffraction (NBED) was used to identify the crystalline phases in the EN-P UBM after a step heat treatment. Figure 6 shows the results of NBED analyses on the samples exposed to a step heat treated EN-P UBM shown in Fig. 5(f) . NBED confirmed that crystallized EN-P UBM consisted of a mixture of Ni 3 P, Ni 12 P 5 , Ni 5 P 2 and Ni. Figure 6 shows that the indexed NBED patterns of Ni 3 P, Ni 12 P 5 , Ni Pittermann and Ripper using high energy electron diffraction confirmed the existence of a meta-stable Ni 5 P 2 or Ni 2:55 P structure prior to the formation of the stable Ni 3 P (P content between 15 and 25 at%). 20) Maeda found that higher Ni-P compounds such as Ni 5 P 4 and Ni 7 P 3 , in addition to Ni 3 P, exist in the films containing less than 12 at%. 21) This also confirmed that various Ni-P compounds formed in the EN-P UBM with a medium phosphorous content (15 at%) are due primarily to a step heat treatment. And these results are the systematically work presenting the crystallization process of high P compound in the films containing medium P (15 at%).
3.3 Crystallization behaviors of the EN-P with the medium phosphorous Many studies reported the crystallization behavior of medium P containing EN-P films. 6, 12, 13, 16, 17) They claimed that a heat treated EN-P film with a medium P consists of crystallized Ni and Ni 3 P. Figure 7 shows a schematic diagram of the crystallization behavior of EN-P with 15 at% phosphorous. Heat treatment enhanced structural relaxation of the as-plated EN-P film. The rate of Ni diffusion was relatively faster than that of phosphorous. Therefore, the size of the Ni-Ni clusters increased during heat treatment, such that the precipitation of nanocrystalline Ni in the EN-P film develops (Fig. 7(a)!(b) ). At higher temperatures, a stable microstructure of a mixture of Ni 3 P and Ni can be formed as a result of recrystallization (Fig. 7(b)!(c) ), 13, 16, 18) which agrees with the results taken from a single heat treatment (see Fig. 2(b) ). As shown in previous TEM analyses in Figs. 3 and 4 , the size of the Ni-Ni cluster continues to grow in an intermediate temperature of the step heat profile. 22) At the region between the Ni rich area with a phosphorous concentration of $23 at%, the crystallization behavior is similar to that of EN-P with a high phosphorous content (>20 at%). In addition to Ni 3 P and Ni, other Ni-P compounds formed, such as Ni 12 P 5 and Ni 5 P 2 , resulting from a step heat treatment. Therefore, the crystallization process of EN-P with a medium phosphorous content induced by the Fig. 5(f) . The crystallized EN-P UBM was a mixture of Ni 3 P, Ni 12 P 5 , Ni 5 P 2 and Ni.
step heat profile can be described as follows: structural relaxation ! Ni precipitation ! phosphorous segregation between a Ni-Ni cluster at an intermediate temperature ( Fig. 7 (a)!()) ! mixture of Ni 5 P 2 , Ni 12 P 5 , Ni 3 P and Ni (Fig. 7 ()!()). Again, a step heat treatment of the EN-P with a medium phosphorous content contributes to the formation of a range of Ni-P compounds.
Conclusions
XRD and in-situ TEM were used to examine the effects of different heat profiles on the crystallization behavior of EN-P UBM with a medium phosphorous content. A single heat treatment of the EN-P UBM at 300 C/60 min yielded Ni and Ni 3 P as the primary precipitates. The step heat profile of 150 C/60 min followed by 300 C/60 min enabled the growth of more complex crystalline Ni-P compounds in the formation of Ni 3 P, Ni 12 P 5 , Ni 5 P 2 and Ni. Different heat treatment processes can affect the crystallization behavior of electroless Ni-P UBM.
